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Fission fragment angular distributions have been measured in reactions of '°0 +2%Pb, 2*2Th, 238U,
23Cm; YF+20%Pb; Mg+ 2°%Pb; 28Si+2%8Pb; ¥2S + 97 Au; and %S +2%8Pb at several bombarding ener-
gies. The data are analyzed within the standard theory and it is found that the angular anisotropies
for reactions with 2*Mg and heavier projectiles are significantly larger than expected theoretically.
Comparative studies of reactions in which different target-projectile combinations are leading to
similar fissioning systems show that the large angular anisotropies are associated with the charge
(and mass) of the projectile. This excludes large angular momenta and temperatures as the cause of
these discrepancies. It is concluded that the onset of the quasifission reaction is responsible for the

large observed anisotropies.

I. INTRODUCTION

The standard theory of fission angular distributions is
based on the assumption' that the fission fragments are
emitted in the direction of the nuclear symmetry axis at
the fission saddle point. The orientation of the symmetry
axis is expressed in terms of the component K of the total
spin vector I onto the symmetry axis, the underlying
physical assumption being that the Coriolis forces acting
on the system as it elongates from saddle to scission are of
insufficient strength to significantly alter the K value
selected by the system during the passage over the saddle.
Provided that this assumption is valid, a measurement of
the angular distribution of final fragments will provide in-
formation on the K value of the system during passage
over the saddle point if the spin (I and M) of the fission-
ing nucleus is known. In the statistical regime, it has been
shown? that there is a simple relation between the nuclear
temperature, the nuclear shape, and the distribution of K
values at the saddle point. Under these conditions, fission
fragment angular distributions can provide unique infor-
mation about the nuclear saddle point shape which can be
directly compared to theoretical predictions. Fission of
compound nuclei formed in fusion reactions is well suited
for this purpose since the average nuclear spin and its pro-
jection, M, is well under control in such reactions. The
results of a study of such reactions,>* namely 42.8 MeV «a
particles on a range of targets from 2°Th to *°Cf, are
shown in Fig. 1. The measured saddle point deformation
(expressed in terms of the moments of inertia) is com-
pared to the prediction of the liquid drop model® as a
function of the fissility parameter x, which expresses the
stability of the nucleus against fission. From this com-
parison we observe that the experimental data reflect both
the magnitude and the x dependence of the saddle point
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deformation. There is no indication that the Coriolis
forces are strong enough to change the K distribution to-
ward achieving a statistical equilibrium at the scission
point, the shape of which is also indicated in Fig. 1 in
terms of its moments of inertia. From the outset, it was
not obvious that the K distribution, established at the sad-
dle point, would be preserved during the motion toward
scission, but these, and a large body of experimental data,
strongly support this assumption.

With the availability of energetic heavy ion beams,
there has recently been a renewed interest in the measure-
ment of the angular distributions of fission fragments
from heavier systems® !¢ with high angular momenta.
The fission decay of compound nuclei formed in heavy
ion fusion reactions is expected to provide a more
stringent test of the standard theory because of the in-
creased strength of the Coriolis forces at the high angular
velocities reached in such reactions. Also the possibility
of producing systems with no stability against fission!”
presents an interesting challenge for testing the standard
concepts.

In the present study we have measured the fission frag-
ment angular distributions from the reactions 160 4 208pp,
232Th, 238U, 248Cm; 19F, 24Mg, 285i+208Pb; and
28+ 197Au, 2°%Pb at several beam energies above the in-
teraction barrier. These data, and most heavy ion induced
fission data appearing in the literature are submitted to a
careful analysis based on the standard theory with em-
phasis on realistic estimates of the spin distribution of the
fissioning systems. This analysis shows that the standard
theory is valid, even for quite heavy nuclei fissioning with
high angular momentum, provided that compound nu-
cleus formation is achieved in the reaction. Nevertheless,
if the fission barrier becomes smaller than the nuclear
temperature, due to a combination of high excitation ener-
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FIG. 1. Effective moments of inertia # ¢/ ¢ o resulting from

the analysis of angular distributions for 42.8 MeV a-induced fis-
sion on a range of targets from 2*Th—2*Cf, Ref. 4, are plotted
as a function of the fissility parameter and compared with the
saddle point shapes (solid curve) predicted by the liquid drop
model.> The Fo/ F e values associated with the expected scis-
sion shapes are also shown (dashed curve).

gy and charge or angular momentum of the fissioning sys-
tem, we do observe deviations from the theory.

Much larger deviations are observed in comparative
studies in which two systems with the same fissility x are
produced through different projectile-target combinations.
If both reactions proceed through the stage of compound
nucleus formation, one should expect identical saddle
point shapes, and the angular distributions should be in-
dependent of the target-projectile combination. But the
analysis of such data indicates substantially larger saddle
deformations in reactions involving heavy projectiles (**Si
and 328) than those involving lighter projectiles (1°0,'°F).
This result is found irrespective of the spin of the fission-
ing system, which leads to the conclusion that the large
deformations seen for heavy projectiles arise from an in-
ability to form genuine compound systems inside the fis-
sion saddle point. Although the fission fragments from
these reactions have kinetic energies and mass distribu-
tions typical for the fission of compound nuclei, we con-
clude that the shape of the intermediate system, at which
the K distribution is determined, depends on the mass
asymmetry of the entrance channel, as illustrated in Fig.
2.

The reactions with heavy projectiles show properties
which are typical of the quasifission reaction mechanism.
This reaction channel is generally characterized by full en-
ergy relaxation and a substantial mass drift toward sym-
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Fusion — Fission Quasi-Fission
FIG. 2. Schematic illustration of the difference between
fusion-fission (left) and quasifission reactions (right). Only
fusion-fission reactions carry information about the shape of the
saddle point, because it is traversed during the fission decay,
whereas the quasifission, by definition, does not reach shapes in-
side the fission barrier. ’

metry without compound nucleus formation. In the cases
studied in the present work, the mass drift toward sym-
metry is essentially completed before reseparation occurs.
In heavier systems,ls’19 the reaction time is shorter
(<1072 5), and the mass equilibration is only partially
completed when reseparation occurs. In general, we
therefore observe a gradual change in character of the
quasifission reaction with heavy targets as a function of
projectile mass. For rather light projectiles, 4 ~30, the
mass drift toward symmetry is complete, and the oc-
currence of quasifission can only be discerned on the basis
of a detailed quantitative analysis of the fragment angular
distributions as discussed in this work, the hallmark being
that the fission direction remains more closely perpendic-
ular to the direction of the angular momentum than ex-
pected for true compound nucleus fission. With increas-
ing projectile mass the reaction times become shorter, and
distinct fragment mass-scattering angle correlations are
observed, revealing the direct character of the reaction

_mechanism.

The present article is organized in the following way.
The experimental procedure is presented in Sec. II. This
is followed by a presentation of the standard theory for
fission angular distributions along with a brief discussion
of the validity of basic assumptions of the theory in Sec.
III. The experimental angular distributions are presented
and analyzed in Sec. IV and a discussion of the total fis-
sion cross sections is given in Sec. V. Finally, Sec. VI
summarizes the results.

II. EXPERIMENTAL PROCEDURE

Beams of '°0, '°F, Mg, 2%Si, and ’S obtained from
the Argonne Superconducting Linac were focused onto
targets of thickness 100—250 ug/cm? located in the
center of a 45 cm diam scattering chamber. Single fission
fragments were detected in the angular range 6=10"—174°
by using one or two Si-detector telescopes, consisting of a
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5—9 um thick AE detector with an area of 50 mm?’
backed by a 100 mm?, 60 pm thick fission detector, see
Fig. 3. Fission fragments emitted in backward angles
were measured in 2—3 100 mm?, 60 pum thick fission
detectors. The detectors were located 17—18 cm from the
target allowing for an approximate time-of-flight deter-
mination of the fragment masses by making use of a fast
timing pulse from the detectors and the radio frequency
of the linac, which resulted in a time resolution of
200—300 ps FWHM. This time resolution is sufficient to
isolate fission fragments from other reaction products in
all detectors. On the other hand, the mass- and energy-
dependent plasma delay?® of the time signals from the Si
detectors, which can amount to ~ 500 ps, combined with
the short flight paths did not allow us to obtain precise in-
formation on the mass distributions by this method. Two
monitor detectors, mounted at +15° relative to the beam
axis, were used for normalization purposes. In the
transformation from the laboratory to the center-of-mass
frame of reference we have used the kinematics relevant
for symmetric fission with kinetic energies taken from the
Viola systematics.?! This procedure is justified by the
forward-backward symmetry observed in the resulting
center-of-mass angular distribution and by the theoretical
analysis of this problem performed by Ho and Gonthier.?

III. ANGULAR DISTRIBUTIONS—THEORY

In the standard theory of fission angular distributions it
is assumed that the final direction of fragments is given
by the orientation of the nuclear symmetry axis as the nu-
cleus passes over the fission saddle point.! It is here im-
plicitly assumed that the nucleus is formed initially in a
configuration inside the fission barrier, an assumption
which may not be fulfilled, when heavy projectiles are
used, as will be demonstrated later. It is also normally ar-
gued that the Coriolis force and other effects violating K
conservation are of insufficient strength to alter the K
value during the rapid descent from saddle to.scission (K
is the projection of the total spin I onto the nuclear sym-
metry axis). This assumption may not be justified for the
heaviest systems studied in the present work, for which
the saddle and scission point configurations have very dif-
ferent shapes.

Under the standard assumptions, the angular distribu-
tion of fission fragments is given by the symmetric top
wave functions as follows:

Wh(0) =21 | D900 12 <1>
This expression reduces to
wieo)=2LEL 41, 0))2 @
41
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FIG. 3. Schematic illustration of the experimental arrange-
ment.

M, onto the beam axis is zero, and the two other Euler an-
gles ¢ and ¢ disappear by taking the absolute square, such
that only the dependence on the angle 6 between the beam
axis and the nuclear symmetry axis remains in the expres-
sion.

In order to compare with experimental data, it is neces-
sary to average over the spin I and the K quantum num-
ber. Using arguments based on the statistical model with
a constant temperature level density, Halpern and Strutin-
ski? have derived the following expression for the K dis-
tribution

exp(—K?%/2K3)

p(K): 7 5 SI ’
> exp(—K?/2K})
K=—I
(3)
=0; K>1I,
where
Feft _ _ _
Ki="5"T; fai=r7'=r0". @

#

The distribution of K values is therefore Gaussian with a
standard deviation Ky, which is related to the nuclear
temperature, T, and the moments of inertia, # jand 7,
for rotations around the symmetry axis and a perpendicu-
lar axis, respectively. The nuclear temperature at the sad-
dle point, 7, is given by the expression
T?>=8.5(E* —B;—E,y)/A, where E* is the excitation
energy of the compound nucleus, By is the fission barrier,
and E,; is the rotational energy. We thus arrive at the
following expression for the fragment angular distribu-
tion,

S (21 +1)d{g(0)%exp —K2/2K5(D)]

K=—1I

(5)

w@)=3 QI+1T, .

1=0 S expl —K2/2K3(I)]

K=-1I
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In this expression, T} is the transmission coefficient for
fusion of the Ith partial wave and K(I) is the standard
deviation of the K distribution for spin I states. Direct
numerical calculations of the d function for large I values
are complicated by the fact that it is given by an alternat-
ing sum of almost canceling terms. This difficulty is cir-
cumvented by the use of certain recursion relations, as
described in Appendix A. In Appendix A, we also give a
comparison with the often used classical approximation
for the fission angular distributions.

A. Spin distributions in fusion reactions

Classical models for fusion between spherical heavy
ions result in triangular spin distributions corresponding
to an abrupt change in the fusion probability at that par-
tial wave for which the radial center-of-mass energy
matches the fusion barrier. It is evident that triangular
spin distributions are very unrealistic at near-barrier ener-
gies, where the effects of tunneling and barrier fluctua-
tions introduce tails of the spin distributions which are
comparable to or larger than the maximum spin value of
the classical sharp cutoff model. Since the experimental
fission anisotropy is a measure of the ratio Ky/(I),
where (I) is the average spin of the fissioning system, it
is of central importance to obtain realistic estimates of
(I) and the associated uncertainties. We have attempted
to do this by (1) using the proximity description for the
nuclear interaction to estimate the fusion barrier height
and (2) using the barrier fluctuations arising from both
static?>~2° and dynamic®®?’ fluctuations of the distance of
the nuclear surface from the center of mass. Details of
the calculation of the partial wave fusion probabilities are
discussed in Appendix B.

B. Spin dependent saddle point shapes

In the analysis of fission angular distributions from low
spin states it is normally assumed that the moments of in-
ertia at the saddle point are constant over the range of
spins in question, i.e., Ko(I)=Ky=const. Such data are
therefore analyzed by varying the value of K3 until a sa-
tisfactory fit to the data is obtained. The corresponding
value of the parameter o/ 7 s, Where £ is the rigid
moment of a sphere of equal volume, can then be directly
compared with theoretical estimates of the liquid drop
model.’

In heavy-ion-induced fission, however, one often deals
with a large range of angular momenta for which the as-
sumption of a spin independent saddle point shape is not
justified. The rotating liquid drop model'” predicts that
the saddle point deformation of heavy nuclei (x >0.7) de-
pends critically not only on the nuclear charge, but also
on the amount of angular momentum perpendicular to the
symmetry axis. When heavy-ion-induced fission angular
distributions are analyzed in this manner, one must there-
fore expect that the resulting values of £/ 7 ¢ Will de-
pend on the average angular momentum of the fissioning
system, which increases with beam energy. For a detailed
discussion of our analysis of the data see Sec. IV.

C. Assumption of K conservation

The main empirical evidence for the assumption of un-
changed K values during the descent from saddle to scis-
sion is summarized in Fig. 1, and discussed in the Intro-
duction, Sec. I. It has been pointed out,%2® however, that
this assumption must break down in the limit of very
heavy compound nuclei with high spins, if such nuclei can
be produced. Since the spins of the fission fragments are
limited by the yrast line, fission decay with the largest K
values allowed at the saddle may be inhibited because of
angular momentum conservation.?’ Exactly when this
breakdown of K conservation sets in, is presently un-
known from experimental studies because of experimental
difficulties in ensuring that a compound nucleus has been
formed in a fusion-fission reaction. It is thus difficult to
verify whether observed deviations from the rotating
liquid drop model'’ estimates arise from changes in the K
distribution during the descent from saddle to scission or
by a failure to produce a compound nucleus. In the latter
case, K distributions are expected to be narrower than
those estimated at saddle point shapes. We therefore rely
on comparisons between different entrance channels
reaching similar compound systems in order to shed light
on this question.

If a compound nucleus is formed in the reaction, dif-
ferent target projectile combinations leading to nearly
identical compound systems must necessarily show very
similar angular distributions. Models?*3° which are based
on the assumption that the K distribution is determined at
the scission point are therefore incapable of explaining the
observed entrance channel dependence of the fission an-
isotropies. Entrance channel effects are a clear indication
of a more direct reaction mechanism.

In Sec. IV we will present evidence for such entrance
channel effects.

D. Post scission K breaking

Changes in the K value which occur after scission also
come into play when the angular momenta are large.
Since the motion after scission is governed simply by
long-range Coulomb forces, the change can be estimated
in a classical calculation of the post-scission trajectories as
detailed in Appendix C. The following approximate ex-
pression is obtained

Ko=K{(142E ot /Vou) » (6)

where K4 and K, are the standard deviations of the final
K distribution and the uncorrected K distribution, respec-
tively. The quantities E., and V., are the centrifugal
energy and the Coulomb potential at scission, respectively,
which are estimated in the touching equal spheres approx-
imation (see Appendix C). In some cases this correction
amounts to 10% and is therefore applied in the analysis
discussed in Sec. IV.

E. K-dependent saddle point shapes

It has recently been suggested’! that the assumption of
K independence of the saddle point shapes may not be
valid in heavy-ion-induced fission. The rotating liquid
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drop model'’ is concerned strictly with K =0 states only
and cannot elucidate this problem, although a generaliza-
tion to K=£0 states is presently being investigated.’! In-
tuitively one would expect that such corrections will come
into play only for the very heaviest systems where the ra-
tio K3/(I*) approaches unity because of the contraction
of the fission saddle point towards sphericity. For the
systems studied in the present work we find K§ << (I?)
except possibly for the %0 +2*Cm system. We therefore
expect this effect to be of minor importance in our
analysis. Although forthcoming theoretical calculations®!
undoubtedly will shed more light on this problem, we
have chosen to disregard it here since it appears that the
observed deviations from the standard theory are related
more directly to the entrance channel mass asymmetry.

IV. EXPERIMENTAL
ANGULAR DISTRIBUTIONS

The single fragment angular distributions measured in

the present work are shown as solid points in Figs. 4—7.
The solid curves represent the best fits to the data using a
least squares fitting procedure in connection with Eq. (5).
Measured fission cross sections and the extracted angular
anisotropies for the various reactions are listed in Table 1.
The values of the parameter # o/ ¢ o extracted from the
analysis with one K % value for each beam energy are plot-
ted as a function of the mean square spin (I?) of the fis-
sioning system in Fig. 8 and listed in Table II along with
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FIG. 4. Experimental angular distributions of fission frag-
ments from the reactions °O-+2%Pb, 232Th, 2**U, 2Cm. Each
set of data is labeled with the beam energy in MeV. Error bars
indicate statistical errors.
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FIG. 5. Experimental angular distributions of fission frag-
ments from the reactions '°F, Mg+ 2%Pb. Each set of data is
labeled with the beam energy in MeV. Error bars indicate sta-
tistical errors.

parameters relevant to the analysis. The present values of
the £/ 7 s parameter are somewhat smaller than the re-
sults of an earlier analysis!®!' of the same data. This
discrepancy arises from the choice of a smaller radius pa-
rameter, 7o=1.16 fm, as compared with the previously
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FIG. 6. Experimental angular distributions of fission frag-
ments from the reaction S +!?Au. Each set of data is labeled
with the beam energy in MeV. Error bars indicate statistical er-
rors.
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FIG. 7. Experimental angular distributions of fission frag-
ments from the reactions 2Si, 32S +2®Pb. Each set of data is la-
beled with the beam energy in MeV. Error bars indicate statisti-
cal errors.

used value of rp=1.225 fm in the estimate of the rigid
moments of inertia. A justification for this choice is
given in Sec. V. Since the saddle point shape (and conse-
quently #o/ 7 ), and the fission barrier height of a nu-
cleus depend only on the fissility x of the fissioning sys-
tem, we have ordered the data such that reactions leading
to composite systems with approximately the same fissili-
ty x are compared. In the liquid drop model, the fissility
is defined as

e z*/4
50.883{1—1.7826[(N —Z)/A)*} ’

where Z, N, and A are the proton, neutron, and mass
number, respectively. Aside from the data obtained in the
present work, we have also analyzed some relevant pub-
lished data.*!>~16 The solid lines in Fig. 8 represent the
predicted spin- dependence of £,/ 7. of the rotating
liquid drop model (RLDM).!” The arrows indicate where
the fission barrier vanishes.

It is observed that saddle point shapes derived from re-
actions with a, ‘%0, °F, °Ne, and ?*Mg beams are in
reasonable agreement with the RLDM predictions, al-
though there is a tendency to obtain lower £/ £ .¢r values
than predicted for the lighter systems. The expected an-
gular momentum dependence corresponding to more com-
pact saddle point shapes at higher spins is well reproduced
by the data. There is little direct evidence for the read-
justment of the K distribution during the descent from
saddle to scission. Such a readjustment might manifest it-
self as a leveling out of the £/ # .4 values for sufficient-
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ly large spins since the high K values would be suppressed
by the inability of the fission fragments to support high
spin values.? For the '°O+2*Cm system, the observed
deviation from the RLDM prediction is probably related
to the small fission barrier of less than 1 MeV. At such
small values, the fission barrier loses its significance in
determining the fission anisotropies.'?

A further complication, of experimental nature, is ex-
pected in reactions with 23*Th, #*®U, and, in particular,
2%Cm targets, because the present experiment cannot dis-
tinguish fission following complete fusion from sequential
fission after quasielastic or deeply inelastic reactions.
Contamination from sequential fission following such re-
actions should, however, lead to reduced anisotropies, i.e.,
reduced £/ 7 o values. As discussed in more detail in
Appendix D, it seems unlikely that this type of contam-
ination is responsible for the observed discrepancy in the
160 4+ 248Cm system.
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TABLE 1. Experimental fission cross sections and anisotropies.

Compound E O fission W)
Reaction nucleus x (MeV) (mb) W(90°)

160 4 208py, 2%Th 0.763 90 370+20 2.42
110 1060+50 3.13

130 1315+65 3.36

148 1770+90 3.58

160 +232Th M8Cf 0.826 90 255+15 1.75
95 370+20 1.93

120 1150+60 2.32

140 1655+85 2.54

160 1880+95 2.71

160 4 238y  Z4Fm 0.842 20 185+10 1.92
110 1040+55 2.24

130 1620180 2.20

148 1670+100 2.55

160 +2Cm 264 0.875 110 850+45 2.11
130 1565+80 2.16

148 1700+ 85 2.38

9F 4 208pp 227pa 0.771 110 . 685+35 2.79
120 965150 3.29

135 1245+65 3.58

150 1440+75 3.75

170 1615+80 3.92

190 1910+95 4.16

Mg +2%Pb 232py 0.800 140 420+25 2.78
145 555+30 3.08

160 835145 3.53

170 1025+50 3.84

190 1345170 4.22

210 1584+80 4.28

288i +208pp 26Cm 0.818 160 305+15 3.01
170 510+25 3.49

180 740+40 3.84

200 990+50 4.31

220 1185+60 4.57

240 1430+75 4.84

260 1630+85 5.04

328+ 197Au 2Am 0.817 185 250+15 3.60
198 435425 3.56

219 830+45 4.12

225 725+40 4.45

328 4 208pp Mocf 0.837 180 155+20 3.12
185 190+20 3.53

198 390+25 3.49

205 460125 4.05

210 615+35 3.89

219 710+40 4.11

225 685+40 4.24

250 975450 4.86

266 1115+60 5.40

For the reactions shown in sections (a), (b), and (c) of
Fig. 8, projectiles with mass <24 are used. We observe
that the extracted 7/ # . values depend mainly on the
fissility x of the fissioning system. They are, on the other
hand, quite insensitive to variations in the projectile-target
combination. This picture changes when going to reac-
tions involving 2’Al, 28Si, and 3?S projectiles, as displayed
in Figs. 8(d), (c), and (f). In these cases, we find a strong

entrance channel dependence on the /7 . values for
systems with similar fissilities. This discrepancy is not
just an effect of larger angular momenta being brought
into the system by the heavy projectiles, since it exists also
for moderate spins. Furthermore, the a-particle and '%O-
induced reactions are in good agreement. The large fis-
sion fragment anisotropies, which are generally observed
in fission reactions with heavy projectiles, 4 >25—27, are
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not exclusively related to the properties of the compound
systems. On the contrary, it is seen to depend mainly on
the entrance channel asymmetry. The fission fragments
observed in the 28Si+2%Pb, 32S 4 '97Au, 32§ 4-2%Pb, and
27A1+2%%U cannot arise from normal fission decay of tru-
ly equilibrated compound nuclei, which, by definition, do
not keep memory of the entrance channel (except for con-
served quantities, Z, A, I, etc.).. Reactions which do not
proceed through the formation of a compound nucleus are
likely to involve a different sequence of intermediate
states in which mass and energy equilibration is achieved.
This view of the reactions places them in a category with
the reactions of heavier projectiles'®!® where incomplete
mass relaxation clearly takes place via a nonequilibrium
(direct) mechanism.

In an attempt to display the tendency to deviate from
the predicted saddle point shapes in a systematic way we
have extended the present analysis to essentially all avail-
able data on heavy-ion-induced fission leading to compos-
ite systems heavier than 2*Th. Also the important study
of 42.8 MeV a-induced fission of Ref. 4 is included in this
analysis. The resulting values of £/ 7 are plotted in
Fig. 9 as a function of the spin dependent fissility parame-
ter, x;. This parameter is defined as the fissility x of a
nonrotating system with an identical value of / o/ F eff @S
the rotating system. Thus

o #o
(x;,I =0)= (x,{I%)), ®)
S eft S eft
. O'Pb (-] NefAu * S'pb
= 0+Bi Ne+Bi * S+Th
20= v 0+Th ° MgPb = S+U ]

o7 08 os "o

X1
FIG. 9. Experimental #,/ ¢ o values are plotted as a func-
tion of the angular momentum corrected fissility x; (see the
text). The solid curve represents the liquid drop model estimate
of the saddle point shapes. Open circles represent data for a-
induced reactions (Ref. 4).

Z | g |
Fett

FIG. 10. Schematic illustration of the relation between the
fissility, x, of a nonrotating system and the spin-dependent fis-
sility, x;, of a rotating system.

see Fig. 10.

In Fig. 9 we first note that the £,/ # . values corre-
sponding to the 42.8 MeV a induced reactions (open cir-
cles) are systematically smaller than the standard liquid
drop model estimate represented by the solid curve. This
discrepancy probably arises from the sharp surface ap-
proximation of the liquid drop model.> More realistic cal-
culations, whlch incorporate the effects of the finite-range
nuclear forces®? are expected to remove most of this
discrepancy. Furthermore, we notice that the %0+ 20%Pb,
209Bi, 232Th, and '°F+2*Pb results are in good agreement
with the a-induced data. The reactions of '°0+ 238U,
ONe+17Au, 2Bi, and #*Mg+2%Pb are in fair agreement
with the liquid drop predictions, whereas there is a clear
tendency for higher experimental /7. values for
heavier projectiles.

V. CROSS SECTIONS

Based on abundant evidence obtained in recent years, it
now appears that heavy ion reactions performed at
moderate energies can be classified into four main
categories, namely (1) quasielastic reactions, including
elastic and inelastic scattering and transfer reactions, (2) .
deeply inelastic scattering, (3) quasifission, and (4) com-
pound nucleus formation. Each category has special
characteristics with respect to energy loss, mass drift, and
shape relaxation, and they are generally associated with
different angular momenta, reaction times, and regions of
occurrence. Thus, the quasielastic reactions are associated
with moderate energy losses, and they are generally asso-
ciated with large impact parameters for which the matter
densities of the two ions overlap only slightly and for
which the radial kinetic energy is insufficient to surmount
the one-dimensional interaction barrier. For center of
mass energies above the s-wave interaction barrier, quasi-
elastic reactions are therefore associated with the largest /
waves in the reaction.

The characteristic feature of deep inelastic reactions is
the larger energy losses associated with this reaction chan-
nel. These large energy losses are achieved with small net
transfer of mass between the interaction partners. This
reaction channel is therefore said to be associated with the
strong energy loss mode of heavy ion reactions. Large
amounts of mass transfer are observed only for complete-
ly relaxed events for which total kinetic energies charac-
teristic of fission fragments are observed.!” Because of



the complete kinetic energy relaxation such reactions are
often labeled quasifission. The associated angular and
mass distributions depend critically on the relations be-
tween the reaction time, the rotational period, and the rate
of mass transfer, respectively. Depending on these rela-
tions, quasifission reactions!'®!® bear characteristics of
both deeply inelastic scattering and compound nucleus fis-
sion. It is the quasifission reactions approaching the
latter extreme that have characteristics in terms of mass
and angle distribution resembling those of fission follow-
ing compound nucleus formation. Conceptually we asso-
ciate the quasifission channel with reactions which fail to
form a compound nucleus, and only a quantitative
analysis of the mass and angle distributions can differen-
tiate between the two types of reactions as shown in Sec.
IV. In fact, quantitative studies of fission mass distribu-
tions®»34 and cross sections®® provided the first clues of
the quasifission process.

In the present study, we are concerned only with data
which qualitatively have the characteristics of compound
nucleus fission. The analysis of the angular distributions
presented in Sec. IV, shows that only some of the reac-
tions studied possess the true characteristics of compound
nucleus fission, i.e., that the experimental K, values re-
flect the expected saddle point shapes. The observed devi-
ations from compound nucleus fission depend on the pro-
jectile mass and not on the properties of the fused system.
We therefore hypothesize that the deviations arise from a
contribution of quasifission reactions at large partial
waves.

Presently, we will not attempt to estimate the relative
contributions from quasifission and compound nucleus
fission to the total cross section for symmetric products.
This will be the subject of a separate publication.?® In-
stead we compare the experimental fission cross sections
to the cross sections for overcoming the interaction bar-
rier (the touching cross section) as estimated in the follow-
ing subsection.

The proximity prescription is used in conjunction with
a Coulomb potential for estimating the attractive nuclear
potential in order to compute the height of the s-wave in-
teraction barrier. The total ion-ion potential can be writ-
ten as:

eZ\Z, J(I+1)%
r12+(+)

Vlr)= S +Vnr); 9)

2ur
where
Vy(r)=4myebPpros[(r —c1—c3)/b],
¢;=R;—b%/r;; c=cicy/(c1+cy),
R;=1.284"—-0.764+0.84;,'" .
Here y is the surface energy coefficient, b is the diffuse-
ness of the nuclear surface estimated at b =1 fm, r is the

distance between the centers of the interacting nuclei, and
@, ox(r) is the proximity function tabulated by Blocki

et al.’’ The generalization of the potential to describe in- .

teractions between a spherical projectile and a deformed
target nucleus is described in detail in Appendix B.
It has been pointed out'®® that the standard proximity
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potential predicts interaction barriers which are, on the
average, too large by 2—4 %. A substantial fraction of
this discrepancy is removed,'® however, by using a larger
value of y than the one obtained in the liquid drop
model.’ The original value® of y was obtained by using an
unrealistically large radius parameter of ry=1.2249 fm.
A more recent fit to known nuclear masses and fission
barriers performed by Mdller and Nix* based on a folded
Yukawa potential uses a more realistic radius parameter
of ro=1.16 fm. As a consequence a larger value of y is
obtained, namely

2

N-Z

y=1.2496 , (10)

1—2.3[

where N, Z, and A refer to the combined system. This
estimate of the surface energy coefficient results in a
20—30 % increase in the strength of the nuclear potential
as compared to the standard proximity estimate. This
gives a 2—3 % decrease in the interaction barrier heights
improving the agreement with experimental data.

Touching cross sections, calculated on the basis of this
modified proximity potential and including the effects of
barrier fluctuations caused by shape oscillations as
described in Appendix B, are represented by solid curves
in Fig. 11.

108 E T T T T T T T 3
C 160 4 208py, ]
B x10* )
107 T =
C 160 + 2321h 24yg 4+ 208pp,
x10° 1
108 E
i 28g; 4 208pp, |
E 105 .
5 E E
= L 160 + 248cpy ]
© i 32g , 197 i

3 . <10 S + ®TAu
2 10t T E
o E 3
o F 3
. 19F + 208Pb ~
103 T E
102 T 3

10 | 1 I I | I 1
50 ‘100 150 200 250 150 200 250 300

v Eiab (MeV)

FIG. 11. Comparison of experimental cross sections with
theoretical model calculations. Filled circles represent fission
cross sections from the present experiment, opén circles are tak-
en from Ref. 40 (1%0+2%Pb) and Ref. 41 (*°0+2%*U), open tri-
angles are from Ref. 9, and filled squares represent measure-
ments in which full momentum was required (Refs. 12, 16, and
47). The calculated cross sections for touching (solid curves) are
shown.
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We find that the present prescription for the interaction
barrier gives a satisfactory agreement with the measured
cross sections for the 0, '°F, 24Mg, and 2%Si induced re-
actions in the barrier region. It should be kept in mind
that the excess cross section seen for '°O+2%U, 25Cm
may be caused by contaminations from sequential fission
after quasielastic or deeply inelastic reactions. The pa-
rameters describing the surface fluctuations of the target
nuclei are varied in order to reproduce the slope of the ex-
citation functions at near-barrier energies. The results of
this procedure are listed in Table III. We find, that the
static deformation of 238U needed to reproduce the excita-
tion function is about 20% lower than the experimentally
known value. This discrepancy is most likely associated
with the oversimplification of the present model, but we
feel that the calculated / distributions are largely insensi-
tive to these deficiencies as long as the sub-barrier cross
section is reproduced correctly.

For the *’S-induced reactions we find that the calculat-
ed touching cross sections are substantially larger than the
experimental fission cross sections. The missing cross sec-
tion may be associated with deep inelastic scattering,
which is not included in the present measurement of the
symmetric mass component.

VI. SUMMARY

It has been known for many years that fission angular
distributions are dependent on the characteristics of the
quantum states available at the fission saddle point.! At
high excitation energies, where statistical considerations
are valid, it has been shown? that the angular distributions
carry information about the shape of the nucleus at the
saddle point via the distribution of K values. Such con-
siderations have proven to be valid for a number of com-
plete fusion reactions which were studied experimental-
ly.»* The comparison of the extracted values of £/ £ o
with the theoretical® predictions of the saddle shapes has
provided substantial support for the standard theory for
fission angular distributions and, in particular, the conser-
vation of the K value selected at the saddle point during
the descent to scission.

TABLE III. Parameters used in cross section calculation.

Vtoucha V{;)ng °

Reaction (MeV) (MeV) 8, o,y° o3¢
160 4 208pp 71.3 78.7 0.03
160 +232Th 83.2 84.7 0.19 0.007

160 4238y 84.7 86.1 0.22 0.007

160 4-24Cm 87.7 89.2 0.24 0.007

19 4 208py, 85.8 87.3 0.03
Mg+ 2%Pb 113.1 115.1 0.03
288 4+ 2%pp 130.5 132.9 0.03
254+ 197Au 143.7 146.3 0.05
32g 4 208p, 147.7 150.4 0.03

“Interaction barrier calculated using the surface tension coeffi-
cient ¥ of Eq. (10).

“Interaction barrier calculated using liquid drop model (LDM)
estimate of surface tension coefficient y.

‘See Eq. (B6) for definition.

Recent experimental studies®!! of fission angular dis-
tributions in heavy ion reactions show distinct deviations
from the standard theory, and this has initiated a critical
reassessment of its basic assumptions. Several possible de-
ficiencies have been identified in recent years. They fall
into three categories: (1) the assumption of fusion (and
the formation of a truly equilibrated compound nucleus)
during the first step of the reaction is not valid, (2) the
distribution of K values is altered during the motion from
saddle to scission under influence of the large angular mo-
menta available in heavy ion reactions, and (3) the theoret-
ical prediction of the K distribution at the saddle point is
inaccurate because of angular momentum effects unac-
counted for by the theories. In the present paper we have
assessed each of these possibilities by comparing reactions
leading to systems of similar fissility parameter. We con-
clude that the first of these three assumptions can account
for the observed deviations from the standard theory. Fis-
sion cross sections for reactions with **Mg and heavier
projectiles appear to have major contributions from quasi-
fission reactions*>*? in which the observed mass and ener-
gy equilibration between the two reaction partners is
achieved while the composite system is in close contact,
but remains outside the fission saddle point.
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APPENDIX A:
NUMERICAL CALCULATIONS OF & FUNCTION

The symmetric top wave functions are denoted
Dhx(6,6,1), where ¢,0,9 are the Euler angles describing
the intrinsic body-fixed coordinate system relative to the
space-fixed coordinate system, and I, M, and K represent
the total spin, and its projection onto a space-fixed and an
intrinsic axis, respectively. The & function can be factor-
ized in the following way:

Dk (4,6,9)=e™?dl, (0)e'k¥ .

Since only the absolute values of the & functions are
needed in the present application, the dependence on the
angles ¢ and Y disappears, and we need only to compute
the dependence on the angle 6. In heavy ion reactions in-
volving spin-zero target and projectiles, only M =0 states
are populated in the composite system, and we can there-
fore write the appropriate d function*
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a1 — 1 —
(sing 0)™ ~X(cos5 ) +K —2x

I
dog(@O)=IVIT —KNT+K! S (=)

Y I —xMI +K —x)(x —K)Ix! ~

A particularly simple expression results for the aligned
configuration K =1, namely

V(1)
I!

I

U (A2)

I =
dor(60)= >

which can be computed directly.

In order to compute the d functions for other values of
K we make use of the relation between d functions with
M =0 and the associated Legendre polynomials

1/2
I _ | I —=K) K
dog(0)= I +K) Pr(6) (A3)
and their recursion relation:*’
PE,1(8)=[ (2I +1)cos6PEK(6)
—(I+KPF (O1/I—-K+1). (A4)

The corresponding relation for d functions is
|

I
1

VI+14+K)I+1—-K)

dog ()=

X[ (2I +1)cosOdig(0)—vV T —K)I +K)

xdig1)] . (A5)
In the special case of K =1 this reduces to
diit(0)=v2T +1cosbd’;(0) . (A6)

We have used the recursion formulas (A6) and (AS5) in
conjunction with Eq. (A2) to compute the d function for
angles of 6=0,1,2,3,4,5,10,15,...,90 in the range of
I=0—150 and K=0—I and stored the results in a large
array with entries for subsequent reference in actual cal-
culations. This method ensures both fast and exact calcu-
lations of fission fragment angular distributions.

A classical approximation to fission fragment angular
distributions which is frequently used in the literature*®
involves a computation of the following expression:

o (21 +1)2Tyexp[ — (I 4 5)%in’0 /4K 31Jo[i (I + +)%sin®6 /4K 3]

W(0) <
Eo erf[(I +3)/(2K§)'?]

where J, is the zeroth-order Bessel function, and erf is the
error function.

In order to evaluate the validity of this classical approx-
imation we have calculated fission fragment anisotropies
with both the exact expression Eq. (5) and the classical ap-
proximation Eq. (A7) using a triangular spin distribution
with maximum spin I,,,,. The results are shown in Fig.
12 as a function of the parameter p =I2,, /4K3, where
K, is the standard deviation of the Gaussian K distribu-
tion Eq. (3).

It is observed that the anisotropy is underestimated by
the classical approximation by up to 10%, depending on
the angular momentum input.

In our analysis, we have used the exact quantum
mechanical expression for the & functions.

APPENDIX B: SPIN DISTRIBUTIONS:
TARGET DEFORMATION
AND SURFACE VIBRATIONS

Several authors have previously studied the effects of
static deformations®*~2>*7 and surface vibrations?®?’ of
the target nucleus on near- and sub-barrier cross sections.
In most cases, quite adequate descriptions of the available
experimental data may be obtained although anomalies ex-
ist*® which may be due to prefusion nucleon transfer.?’ In
the present work we utilize spin-dependent fusion proba-
bilities which result from such model calculations. The
parameters of the models are adjusted to reproduce the

, (A7)

CLASSICAL 10

QUANTUM -0

MECHANICAL

W(0°) / W(90°)

0 . | . | . | . l
0] 2 4 S 8

P=lmax/ 4K2
FIG. 12. Calculated fission fragment anisotropies
W(0°)/W(90°) are shown as a function of the parameter
p=I 2 < /4K3. Classical and quantum mechanical calculations
are compared for different I,,,, values.
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measured fission cross sections, a procedure which is be-
lieved to result in a more realistic distribution of the par-
tial wave function probabilities. )

For the case of an axially symmetric quadrupole defor-

mation we have
|

Z\Z,e? 3 C3 1247
,0,8)= ————— |14+ —=—BY,,(0)
Vy(r,6,8) +3 rZB 20 +2,ur2
C G, C
—4 -2 Y50(6)
TWC1+C2 C1+C2ﬁ %

where 7 is the distance between the centers of the two
ions, C; and C, are the central radii of projectile and tar-
get, respectively, v is the surface energy coefficient, and
@,ox is the proximity function. In this potential we have
included a monopole and quadrupole Coulomb term, a
centrifugal term, and a nuclear term represented by the
proximity potential.’’ (In slight disagreement with Bass,*
we find a factor of 2 for the deformation dependence of
the mean radius curvature for the proximity energy,
whereas Bass finds 5.) From Eq. (B2) we observe that the
potential does not depend explicitly on both 8 and S, but
only on the radius deviation AC =BC,Y,,(6). Similarly,
for octupole deformations, which are relevant for the Pb
target, we find an interaction potential,

Z.Ze? 2 272
Vy(r,AC)= Skl A B i%c_ ! hz
7 r 2ur
ary =2 g (- Cy—AC) (B3)
- W7C1+C2 prox\¥ —L1—Cp— :

For each value of / and C=C,+ AC we can thus find the
fusion barrier corresponding to the maximum of the po-
tential given by Eqs»(B2) or (B3). We assume that fusion
takes place if the center-of-mass energy exceeds the bar-
rier. The problem of calculating the fusion probability for
a specific / value is then reduced to finding the minimum
value Cp, which leads to fusion and equating the fusion
probability with the probability for finding C values
larger than C.;, for which the fusion barrier is lower.
Thus

T,= C:inp(C)dC , (B4)

where T is the I-dependent fusion probability and p(C) is
the probability distribution of the radius.

For zero-point vibrations around a spherical equilibri-
um the radius deviation follows a Gaussian distribution of
the form,

p(C)=(2m03)~2exp[ —(C —C,)*/203] , (B5)
where the standard deviation is given by the relation,
G BEN |7
== |(2A —_—
=za+n PV En | (B6)

where A is the multipolarity and B(EA)/B,,, (EA) is a
measure of the collectivity of the lowest collective states
of the target nucleus. In this case, the fusion probability

R(0)=C,[14BY50(0)] . (B1)

The interaction potential between target and projectile can
be written*® as

Dpox[r —C1 —C, —CyBY5(0)] (B2)

T
is given by the error function,

T)=+{1—erf[(C—C;)/V203]} C>C,,
_ (B7)
=1{1+erf[(C,—C)/V253]} C<C,.

For a statically quadrupole deformed nucleus one finds
the distribution

17211

c-C, §

2C 81/2
2 c, + 3

pp(C)=

=0; elsewhere ,

where § = %V 5/4mp.
In the harmonic oscillator approximation the /-
vibrational wave function in the ground state is given by

B (B—PBo)?

) (B9)

—1
p(B)= [\/ 270,2,] exp 2

where the og is given by Eq. (11) in Ref. 26. For a target
nucleus which is B vibrating around an equilibrium quad-
rupole shape described by the deformation B, we thus
find the following distribution of the radius deviation,

p(O)= [ _”wp(ﬁ)pﬁ(cuﬁ

(B—Bo)

Cdp .
20}3 pﬁ( ) ﬁ

=(27mz)‘1/2f_w exp | —

(B10)

This integral can easily be solved numerically using
Gaussian quadrature. ,

Distributions of radius deviations for surface vibrating
spherical and statically deformed targets are compared in
Fig. 13 as well as their integrals, which correspond to the
fusion probability. It should be noted that the two distri-
butions have the same variance. The effect of the choice
of [ distribution on the values of #/ ¢ . extracted from
the fit to the fission angular distributions is illustrated in
Fig. 14 for the '®*0+%’Th system. This comparison
shows that the use of spin distributions, with tails con-
sistent with the near-barrier cross section, results in
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FIG. 13. The probability distribution, p(R), for finding the
nuclear surface at a distance R is plotted as a function of the re-
duced radius R /R, for deformed (dashed-dotted curve) and a
spherical vibrating (solid curve) nucleus. The integrals of the
distribution are shown in the upper section of the figure.

FZ o/ F o values, which agree well with the RLDM esti-
mate. In cases where the saddle point shape is known
from measurements with lighter projectiles, this effect ac-
tually provides a sensitive measure of the near-barrier spin
distribution in heavy-ion-fusion reactions.

APPENDIX C:
POST-SCISSION REORIENTATION

In the absence of rapid rotations it is normally assumed
that the fission fragments after scission will follow linear
trajectories given by the orientation of the scission config-
- uration. If, however, the system possesses a large collec-
tive angular momentum as scission, the fragments are
expected to follow hyperbolic trajectories in the plane
perpendicular to  the  collective spin  vector
R=VI(I+1)—K? describing the collective rotation of
the system, see Fig. 15. The classical Coulomb trajec-
tories are described by the equation,

I 1
wZ,Ze* €cosp—1 "’

(C1)

where 7 is the distance between the fragment centers, u is
the reduced mass, / is the orbital angular momentum, and
¢ is the angle through which the system has rotated since
scission. The eccentricity € can be evaluated at the scis-
sion point corresponding to ¢ =0,

IPr. 2Er +E
e— 5 S ; +1= R C ,
uriZ,Z,e Ec

(C2)

o 0+ P #8cf  guARP

o 0+ P4h -2 SMOOTH

O o+ 2cm - %8¢

0 n " 1 A " 1
0 2000 4000
IZ mZ)

FIG. 14. The values of /7 . are shown as a function of
the mean squared spin (I?) for sharp cutoff (solid points) and
smooth (open circles) ! distributions, for the 0+ 2*Th reac-
tion. The £/ 7 o for the a+**Cm reaction (open square) and
the rotating liquid drop model estimate (solid curve) are shown
for comparison.

SCISSION

BEAM

FIG. 15. Illustration of post-scission trajectories.
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where Er and E. are the energies in orbital motion and
Coulomb repulsion at the scission point, respectively. The
angle ¢, between the symmetry axis at scission and the
asymptotic direction of the fission fragments is found
from Eq. (Cl1),

Ec

1
cos¢max* €
The angle o’ between the direction of the fully ac-
celerated fragments and the spin axis can now be comput-
ed by considering the spherical triangle expanded by the
spin vector, the symmetric axis at scission, and the direc-
tion of final fragments, see Fig. 15. Using the spherical
cosine relation we find

cosa’ =CoSPaxCOS , ((eZ))]
where the angle « is given by the K value at scission
cosa=K/I . (C5)

Denoting the total final helicity K’, i.e., cosa’=K'/I we
find

K—k—2¢
~ U 2ER+Ec

This relation describes the change in total helicity during
reseparation brought about by orbital motion in the exit
channel. :

In general, we expect that the energy in relative rotation
at scission Ep depends on the K value. Assuming that
the sticking condition is fulfilled at scission, the orbital
angular momentum / is a fraction f of the total collective
angular momentum, namely,

I=fR=fVII+1)—K?. (C7)

The rotational energy at scission is then given by
IJ+1)—K?
Er=f2=1—"
® 2/ 1

where # |, is the relative nonaxial moment of inertia at
scission. By insertion into Eq. (B6) and solving for K, we
find

K=[V1+4a(1+b)K'?—1]/2aK’, (C9)

where a =f2/Ec 1, and b=al (I +1). The final K dis-
tribution is given now by

(C6)

(C8)

dK 1—[14+4a(1+b)K’' 2]~ 12
(K')= (K)=
P dKk’'P VBraKoK'?
1| Vi+4a(1+b)K'*—1
XEXpy—5 2aK'K, (C10)

Although this expression is somewhat complicated, it
reduces to a normal Gaussian distribution if the rotational
energy is small relative to the Coulomb repulsion at scis-
sion, i.e., 4a (1+b)K'? «< 1.
In this limit we find
£ ]
Kb ’

1

p(K")= >

1
—eX (C11)
V27K P

where

E
K} ¢

—Ko=S— .
0 0 2Ex +Ec (C12)

To first order one can account for the effects of centrifu-
gal forces at scission on the fission angular distributions
by multiplying the K, value expected at the scission point
by a correction factor which depends on the ratio of
Coulomb to centrifugal energies at scission.

A crude estimate of this effect can be obtained by ap-
proximating the scission configuration by two touching
equal size spheres in rigid rotation. In this case we find

2E I?

B =12 g

(C13)

A recent study of the angular momentum dependence of
the total kinetic energy release in S+Sm reactions*’ indi-
cates that this ratio of centrifugal to Coulomb energies at
the scission point is approximately correct although each
quantity may be somewhat overestimated by this simpli-
fied model of the scission point shape. We have therefore
used this expression to estimate the associated correction
to the extracted values of K3. Thus we find

K§=(K})?

1+122 (C14)

r |
44372
or, expressed in terms of the fissility parameter x and the
y parameter of the rotating liquid drop model,'” we find

K2=(K{)X(1+1.245p /x)*, (C15)

where K is the standard deviation of the final (measured)
total helicity distribution and K is the standard deviation
of the K distribution at scission, which normally is as-
sumed identical to the saddle point K distribution. Ap-
plying this correction to the extracted value of the
F o/ 7 o parameter we find

Fo Fo
Fott Feff |meas

Having chosen to express this correction in terms of the
parameters x and y we can show universal contours of the
correction term in the x-y plane as illustrated in Fig. 16.

(1+41.245p/x)"2 . (C16)

APPENDIX D:
SEQUENTIAL FISSION CONTRIBUTION

The measurement of fission fragments in the present
work did not include a determination of the momentum
transfer, and we therefore cannot discriminate against fis-
sion following transfer reactions and/or inelastic excita-
tions of the target nucleus. The contamination of the
present data from such reactions can be significant in
cases of fissionable target nuclei. It is therefore important
to estimate the magnitude of sequential fission in such
cases in order to judge its effect on the extracted values of
F o/ F et

In the case of %0+ 23U, information on the sequential
fission contribution has been obtained from measurements
of the folding angle between the two fission frag-
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FIG. 16. Contours of the correction factor due to post scis-
sion reorientation are shown in an x-y diagram.
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ments,’°~>2 which have recently been analyzed by Viola

et al.> The known fission cross sections for the
160+ 238U systems are presented in Fig. 17. Measure-
ments of the total fission cross sections (which include
sequential fission) are represented by open symbols,
whereas measurements, which exclude the sequential fis-
sion component, are shown as solid symbols. It should be
noted that the estimate of the sequential fission contribu-
tion from the folding angle distribution®’ measured at
6. m. =90° is based on the assumption that the anisotropy
of this fraction is identical to the anisotropy of the total
cross section.

The solid curve in Fig. 17 represents the calculated
touching cross section (see Sec. V), which is smaller than
the total measured fission cross section (open symbols).
The excess measured cross section is believed to stem
from sequential fission following quasielastic reactions.
This component is even more pronounced in the case of
160 4-248Cm, but significantly smaller for 0 +23?Th, as
expected due to the dependence on target fissility (see Fig.
11). The difference between the calculated touching cross
section (solid) curve and the measured capture fission
cross section (solid symbols and dashed curve) is believed
to be due to sequential fission following deep inelastic re-
actions.

In order to estimate the uncertainty in the analysis
caused by the sequential fission contribution we have per-
formed the correction under two extreme assumptions
about the anisotropy of the sequential fission contribution.
We first assume that the anisotropy is the same as for the
compound fission part. In this case the analysis can be
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FIG. 17. Excitation functions for fission following full
momentum transfer reactions (solid points) and total fission
(open points) are compared to the cross section for touching
(solid curve). The dashed curve represents the experimental esti-
mate of the fission cross section for full momentum reactions
obtained by a smooth interpolation between experimental points.

Iy (#)

FIG. 18. Illustration of the possible effects of sequential fis-
sion reactions on the angular anisotropies for O+ 23%U.
Fo/ F e values obtained without correcting for sequential fis-
sion are represented by solid circles. The solid squares are
corrected for sequential fission assuming that the anisotropy for
this component is identical to the measured one. For the open
circles an isotropic angular distribution was assumed.
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performed by using the compound fission cross section in
the estimate of the spin distribution of the fissioning sys-
tem. Values of #y/ Z ¢ obtained this way are plotted in
Fig. 18 as solid squares and compared to the uncorrected
values (filled circles). We observe that this method of
correction results in slightly larger values of /o1,
which however, correspond to somewhat smaller values of
the mean square spin (I2) due to the reduction of the
cross section estimate.

In the other extreme we assume that the sequential con-
tribution is isotropically distributed. Since the relative
sequential fission contribution is measured at 6., ~90°
by the folding angle method, this assumption leads to a
slightly smaller estimate of the total sequential fission
contribution. When the data are corrected for this contri-
bution, we find an increased anisotropy for the compound
fission part which is reflected in the larger values of
Fo/ Fer as shown by the open circles. However, the
difference in £/ 7 o values obtained under the two ex-
treme assumptions is quite small and the discrepancy be-
tween the 50 +23%U and the 328 +2°8Pb reactions persists.
We therefore feel justified in concluding that this ob-
served discrepancy is an effect of entrance channel condi-
tions (mass asymmetry), and that it cannot trivially be ac-

counted for by the sequential fission contribution. In the
analysis of reactions on fissionable targets presented in the
main text we have corrected for sequential fission under
the assumption of equal anisotropy for the two com-
ponents.

In' the case of '®*0+2%2Th, we expect a much smaller
contribution of sequential fission due to the smaller fissili-
ty of nuclei in the Th region as compared to the U region.
We have therefore used calculated capture cross sections
in the analysis of the angular distributions, which results
in only minor corrections when compared to the results
obtained with the measured fission cross sections.

We have also performed a similar correction to the
160 4+-248Cm data. In this case, the F o/ F e values move
even further away from the rotating liquid drop model es-
timate, and there seems to be a real discrepancy. As men-
tioned earlier, the fission barrier is very small ( <1 MeV)
in this case, and it is not unreasonable to expect that the
significance of the saddle point in controlling the angular
distributions is lost, although other explanations such as
non-K-conservation under the prolonged descent from
saddle to scission or the onset of quasifission could be the
cause of the large discrepancy in this case.
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